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ABSTRACT Mechanisms underlying mitochondrial genome maintenance have recently
gained wide attention, as mutations in mitochondrial DNA (mtDNA) lead to inherited
muscular and neurological diseases, which are linked to aging and cancer. It was previ-
ously reported that human RAD51, RAD51C, and XRCC3 localize to mitochondria upon
oxidative stress and are required for the maintenance of mtDNA stability. Since RAD51
and RAD51 paralogs are spontaneously imported into mitochondria, their precise role in
mtDNA maintenance under unperturbed conditions remains elusive. Here, we show that
RAD51C/XRCC3 is an additional component of the mitochondrial nucleoid having
nucleus-independent roles in mtDNA maintenance. RAD51C/XRCC3 localizes to the
mtDNA regulatory regions in the D-loop along with the mitochondrial polymerase
POLG, and this recruitment is dependent upon Twinkle helicase. Moreover, upon replica-
tion stress, RAD51C and XRCC3 are further enriched at the mtDNA mutation hot spot re-
gion D310. Notably, the absence of RAD51C/XRCC3 affects the stability of POLG on
mtDNA. As a consequence, RAD51C/XRCC3-deficient cells exhibit reduced mtDNA syn-
thesis and increased lesions in the mitochondrial genome, leading to overall unhealthy
mitochondria. Together, these findings lead to the proposal of a mechanism for a direct
role of RAD51C/XRCC3 in maintaining mtDNA integrity under replication stress condi-
tions.
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itochondria are essential for providing cellular energy by generating ATP via

respiration (1). Each mitochondrion contains several copies of the 16.5-kb circular
genome (mitochondrial DNA [mtDNA]), which encodes 13 essential subunits of electron
transport chain (ETC) complexes, 2 rRNAs, and 22 tRNAs (2). The presence of mtDNA in
close proximity to the ETC and a lack of histone protection make mtDNA more
susceptible to oxidative damage (3). In addition to spontaneously induced damage by
oxidative stress, mtDNA is also susceptible to other types of lesions induced by ionizing

radiation or chemical carcinogens (3, 4). An unrepaired or misrepaired mitochondrial Received 14 September 2017 Returned for
genome impairs crucial cellular functions of mitochondria and can lead to premature wodiﬁzatic;g1970ctober2017 Accepted 10
o N o . o ovember
aging, tumorigenesis, and neurological disorders (5-8). . .
L K . X Accepted manuscript posted online 20
Nuclear DNA replication and repair have been extensively studied; however, the Novernber 2017
pathways and mechanisms of mitochondrial DNA repair and replication are not well Citation Mishra A, Saxena S, Kaushal A,
understood. The base excision repair (BER) pathway of mtDNA repair has been well Nagaraju G. 2018. RAD51C/XRCC3 facilitates
. . . S . itochondrial DNA replication and maintai
characterized and appears to be a predominant repair mechanism in mitochondria (4). HIESCTOE| DA I P CITL MEETE
integrity of the mitochondrial genome. Mol
In contrast, evidence for the existence of nucleotide excision repair in mitochondria is Cell Biol 38:200489-17. https:/doi.org/10.1128/
still lacking. There are a few reports that suggest that DNA double-strand breaks (DSBs) MCB.00489-17.
in mitochondria are predominantly repaired by microhomology-mediated end joining ACA°PV29'|"©2/S”1§AL“62@” Soz‘etyfor
. . . . icrobiology. ights Reserved.
(MMEJ) (9-12). The homologous recombination (HR)-mediated repair of nuclear DNA & J ,
R . K K X K Address correspondence to Ganesh Nagaraju,
breaks has been well characterized in all organisms, and this mechanism of DSB repair nganesh@iiscacin.

is also well established for mitochondrial genomes of yeast and plants (13, 14, 99).

February 2018 Volume 38 Issue 3 e00489-17 Molecular and Cellular Biology mcb.asm.org 1


https://doi.org/10.1128/MCB.00489-17
https://doi.org/10.1128/MCB.00489-17
https://doi.org/10.1128/ASMCopyrightv2
mailto:nganesh@iisc.ac.in
http://crossmark.crossref.org/dialog/?doi=10.1128/MCB.00489-17&domain=pdf&date_stamp=2017-11-20
http://mcb.asm.org

Mishra et al.

However, the conservation of the HR pathway of DSB repair in human mitochondria
remains largely controversial.

Apart from DNA repair pathways, the mitochondrial genome is maintained by the
mitochondrial replisome consisting of mitochondrion-specific replication factors, in-
cluding the mtDNA polymerase (POLG), DNA helicase (Twinkle), single-stranded DNA
(ssDNA)-binding protein (mtSSB), RNA polymerase (POLRMT), transcription factor A
(TFAM), and exonuclease (MGME1) (15-17). Nuclear DNA replication occurs in the S
phase, whereas mtDNA replication is known to occur in all phases of the cell cycle (18).
In precancerous lesions, oncogene-induced replication stress occurs due to the deple-
tion of deoxynucleoside triphosphates (dNTPs), which causes replication stalling, chro-
mosome instability, and tumorigenesis (19, 20). It is conceivable that continued mtDNA
replication in all stages of the cell cycle may cause replication stress in mitochondria
due to the depletion of dNTPs in precancerous cells. Moreover, mtDNA is constantly
exposed to reactive oxygen species (ROS) generated during oxidative phosphorylation,
which majorly induce abasic sites and 8-oxo-7,8-dihydroguanine (8-oxo-G) in the
mtDNA. It has been shown that such oxidative lesions stall the mitochondrial replisome,
and decreasing concentration of dNTPs further reduces the progression of the mito-
chondrial replisome (21). In addition, the mitochondrial genome is GC rich and pos-
sesses ~100 G-quadruplex (G4) DNA-forming motifs (22). These G4 motifs are potential
road blocks to faithful DNA replication. Indeed, it has been shown that the mitochon-
drial DNA helicase Twinkle fails to efficiently unwind G4 DNA structures, and mtDNA
deletion breakpoints have been mapped to G4 DNA-forming motifs (23). mtDNA
deletions can be an outcome of replication slippage, aberrant DNA structures, and DSBs
caused by stalled replication forks. Apart from secondary structures and dNTP imbal-
ance, the transcription termination factor mTERF has been shown to pause mtDNA
replication at certain sites in the mitochondrial genome (24). However, unlike those in
the nucleus, the pathways and mechanisms by which mitochondria respond to repli-
cation stress and maintain the integrity of mtDNA are obscure.

RADS51 and its orthologs play a key role in the recombination-mediated repair of
DSBs in all organisms (25, 26). The mammalian RAD51 paralogs RAD51B, RAD51C,
RAD51D, XRCC2, and XRCC3 have been shown to regulate HR-mediated repair of
DSBs and DNA damage signaling (27-31). Biochemical and two-hybrid studies show
that RAD51 paralogs form two distinct complexes: the RAD51B/RAD51C/RAD51D/
XRCC2 (BCDX2) complex and the RAD51C/XRCC3 (CX3) complex (32, 33). RAD51
paralog deficiency severely affects the formation of RAD51 foci at the sites of DNA
breaks (30, 34, 35). Mouse knockout of RAD51 paralogs causes early embryonic
lethality (36-39), and germ line mutations in all RAD51 paralogs have been found
to be linked to breast and ovarian cancers (40-45). Interestingly, deletions and
alterations in mtDNA copy numbers have been reported for breast and ovarian
cancers (5, 46). Previously, we reported that RAD51 paralogs in distinct complexes
protect and restart stalled replication forks during nuclear DNA replication (47).
Interestingly, RAD51, RAD51C, and XRCC3 have been shown to localize to mito-
chondria and participate in the maintenance of mtDNA during oxidative stress (48).
However, it is unclear whether RAD51 paralogs are involved in the faithful dupli-
cation of the mitochondrial genome and in the maintenance of mtDNA integrity
during replication stress. Here, we report nucleus-independent functions of
RAD51C/XRCC3 in mtDNA maintenance. Using subfractionation and mtDNA immu-
noprecipitation (mtDNA-IP), we find that RAD51C/XRCC3 is an integral part of the
mitochondrial nucleoid that binds to mtDNA control regions within the D-loop.
Upon replication stress, RAD51, RAD51C, and XRCC3 are further enriched at the
mutation hot spot region D310, which prevents spontaneous mtDNA damage
during replication stress. Interestingly, RAD51C/XRCC3 also regulates the binding of
POLG to mtDNA, and a defect in this recruitment of POLG leads to decreases in
mtDNA synthesis/contents and aberrant mitochondrial functions.
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FIG 1 RAD51, RAD51C, and XRCC3 are a part of the mitochondrial nucleoid. (A) RAD51, RAD51C, and XRCC3 localize
to mitochondria. Mitochondria were isolated from U20S cells, and 20 ug of the mitochondrial fraction (M) was
analyzed by immunoblotting along with 50 ug of the total cell lysate (T). Lamin A and histone H3 were taken as
nuclear markers, a-tubulin was taken as a cytoplasmic marker, and TFAM was taken as a mitochondrial marker. (B)
Assessment of mtDNA content in HelLa cells upon mtDNA depletion using EtBr for 48 h. (C) Western blots showing
the levels of the indicated proteins in HeLa mitochondrial extracts and whole-cell extracts after EtBr treatment. (D)
Isolated mitochondria from U20S cells were divided into three parts. One part was lysed directly in 2X SDS buffer
(mitochondrial lysate [ML]), and the second part was incubated in suspension buffer containing 0.5% NP-40 for 30
min on ice and centrifuged for 30 min to obtain the supernatant fraction (S1) and the pellet fraction (P1). The third
part was incubated in suspension buffer with 0.5% NP-40 and 150 mM NaCl and separated similarly as supernatant
(S2) and pellet (P2) fractions. Pellet fractions were lysed in 2X SDS buffer. Equal amounts of each fraction were
loaded and analyzed by Western blotting.

RESULTS

RAD51, RAD51C, and XRCC3 are a part of the mitochondrial nucleoid. RAD51
and RAD51 paralogs are crucial for nuclear DNA repair by HR (31). A previous study (48)
indicated that RAD51, RAD51C, and XRCC3 localize to mitochondria following oxidative
stress and contribute to the protection of the mitochondrial genome. To understand
additional roles of RAD51 paralogs in mitochondria under unperturbed conditions, we
employed classical differential centrifugation and reexamined the localization of RAD51
paralogs in mitochondria. Interestingly, RAD51, RAD51C, and XRCC3 were present in
the mitochondrial extracts of both U20S (Fig. 1A) and Hela (see Fig. STA in the
supplemental material) cells, whereas XRCC2, RAD51B, and RAD51D were absent (Fig.
1A and Fig. STA).

We next asked whether the localization of RAD51, RAD51C, and XRCC3 is dependent
upon the presence of mtDNA in mitochondria. Ethidium bromide (EtBr) treatment for
longer periods leads to a loss of mtDNA (49, 50). Hence, we incubated Hela cells with
50 ng/ml of EtBr for 48 h and confirmed mtDNA depletion using semiquantitative PCR
(Fig. 1B). Strikingly, the levels of RAD51, RAD51C, and XRCC3 in mitochondria were
diminished dramatically upon the depletion of mtDNA (Fig. 1C). However, their levels
were unchanged in whole-cell extracts (Fig. 1C), except for TFAM, which has been
reported to undergo Lon protease-mediated degradation upon mtDNA depletion (51).
This observation is consistent with data from a previous study (52) where EtBr-mediated
depletion of mMtDNA in U20S cells severely reduced the levels of RAD51 in mitochon-
dria, indicating that the presence of mtDNA is a primary requirement for the mito-
chondrial localization of RAD51, RAD51C, and XRCC3. Next, we determined the local-
ization of RAD51, RAD51C, and XRCC3 along with the mitochondrial genome by
performing mitochondrial subfractionation as described previously (53), where isolated
mitochondria were treated with a buffer containing a mild detergent (0.5% NP-40).
RADS51, RAD51C, and XRCC3 were found in the pellet fractions containing the mtDNA,
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FIG 2 Nucleus-independent role of RAD51C in mtDNA maintenance. (A) Western blot showing levels of
RAD51C and XRCC3 after shRNA-mediated depletion in Hela cells. shRAD51C, short hairpin RNA targeting
RAD51C. (B) mtDNA/nucDNA levels in control and RAD51C-depleted Hela cells after recovery from mtDNA
depletion using EtBr for 48 h. mtDNA/nucDNA levels were calculated by semiquantitative PCR using primers
listed in Table S1 in the supplemental material. Data points represent means = SD from three independent
experiments. (C) Western blot for RAD51C in parental V79B and RAD51C-deficient CL-V4B hamster cells. (D)
Western blot showing levels of RAD51C in the nucleus, cytoplasm, and mitochondria of CL-V4B cells
transfected with WT human RAD51C (hRAD51C) and the RAD51C R366Q NLS mutant. Histone H3, a-tubulin,
and HSP70 were taken as nuclear, cytoplasmic, and mitochondrial markers, respectively. (E) Sensitivities of
V79B, CL-V4B, and CL-V4B cells expressing WT RAD51C and the RAD51C R366Q mutant at the indicated
concentrations of the PARP inhibitor 4-amino-1,8-napthalimide (4-ANI). Data represent means * SD from
three independent experiments. (F) mtDNA/nucDNA levels in V79B, CL-V4B, and CL-V4B cells expressing WT
RAD51C and the RAD51C R366Q mutant.

as monitored by PCR amplification. TFAM served as a nucleoid protein marker, whereas
HSP70, a mitochondrial matrix protein, was released into the supernatant fraction (Fig.
1D). To examine the effect of ionic strength, we added 150 mM NaCl to the buffer.
HSP70 was completely released into the supernatant, as opposed to TFAM, whose
abundance in the pellet fraction was largely unaffected (Fig. 1D). Interestingly, sub-
stantial amounts of RAD51, RAD51C, and XRCC3 were still present in the nucleoid
fraction even after salt extraction (Fig. 1D), indicating that RAD51, RAD51C, and XRCC3
are integral parts of the mitochondrial nucleoid.

Nucleus-independent function of RAD51C in mitochondrial genome mainte-
nance. To understand whether RAD51C contributes to mtDNA replication, we per-
formed depletion of mtDNA and studied its repopulation. RAD51C and XRCC3 form a
stable complex (33), and consistent with data from previous reports (30, 54), the
depletion of RAD51C reduced the levels of XRCC3 (Fig. 2A) and vice versa (see Fig. S1B
in the supplemental material). After 48 h of treatment with EtBr, both RAD51C-
proficient and -deficient Hela cells underwent mtDNA depletion. However, upon EtBr
withdrawal, mtDNA repopulation was severely impaired in both RAD51C-deficient
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(Fig. 2B) and XRCC3-deficient (Fig. S1C) cells, indicating perturbed mtDNA replication.
Moreover, in agreement with data from a previous study (52), RAD51-deficient cells also
exhibited a similar defect (Fig. S1B and S1C). In contrast, consistent with the lack of
mitochondrial localization, the repopulation of mtDNA was unaffected in XRCC2-
depleted cells (Fig. S1B and S1C).

RAD51C knockout mice are embryonically lethal due to the essential functions of
RAD51C in the DNA damage response and replication fork maintenance (27-29, 35, 39,
47). Thus, it is possible that defective nuclear functions of RAD51C contribute to its
failure in recovery upon mtDNA depletion. To investigate this, we expressed a patho-
logical RAD51C nuclear localization signal (NLS) mutant, R366Q (41), in RAD51C-
deficient (CL-V4B) hamster cells (Fig. 2C). As expected, the RAD51C R366Q mutant
showed a significantly reduced nuclear abundance compared to that of wild-type (WT)
RADS51C (Fig. 2D). Interestingly, its localization in mitochondria remained unperturbed
(Fig. 2D). Since RAD51C is critical for the HR-mediated repair of DSBs, we treated the
cells with a poly(ADP-ribose) polymerase (PARP) inhibitor, which generates one-ended
breaks, specifically requiring the HR pathway. In agreement with data from our previous
study (35), the PARP inhibitor sensitized CL-V4B cells expressing the RAD51C R366Q
mutant (Fig. 2E). Strikingly, cells expressing the RAD51C R366Q mutant were able to
efficiently repopulate the depleted mtDNA after EtBr stress similarly to WT RAD51C-
expressing cells (Fig. 2F), suggesting a nucleus-independent function of RAD51C in
mitochondrial genome maintenance.

RAD51C/XRCC3 binds to mtDNA control regions along with POLG. Given that
RAD51C/XRCC3 was present in the mitochondrial nucleoid fraction and RAD51C/XRCC3
deficiency prevented the restoration of mtDNA upon its depletion, we asked whether
RAD51C/XRCC3 binds to mtDNA control regions in the D-loop and participates in
mtDNA replication. To test this, we used an mtDNA-IP protocol in combination with 5
primer pairs to screen a part of the human mtDNA genome (Fig. 3A) (24, 55). Region B
(adjacent to the cytochrome b coding sequence), region C, region D310 (a cancer
mutation hot spot), and region E are part of the regulatory D-loop region, whereas
region A is outside the D-loop site (16, 56, 57). RAD51C exhibited maximum binding at
region B and moderate binding at regions D310 and E within the D-loop (Fig. 3B). The
binding at region C was minimal (Fig. 3B). Analysis of XRCC3 and RAD51 showed a
binding profile similar to that of RAD51C (see Fig. S2A in the supplemental material).
Interestingly, the pattern of binding of POLG to the regions of the D-loop was similar
to those for RAD51, RAD51C, and XRCC3 (Fig. 3B), suggesting a possibility of the
concomitant binding of POLG along with RAD51 and RAD51C/XRCC3 to these hot
spots. To test this, the primary anti-POLG nucleoid immunocomplex (Fig. 3C) was
reimmunoprecipitated with anti-RAD51C, anti-XRCC3, and anti-RAD51 antibodies. Strik-
ingly, POLG-RAD51C (Fig. 3D and E), POLG-XRCC3, and POLG-RAD51 (Fig. S2B) were
found to be present at the region B- and D310-bound DNA-binding complex. These
interactions were not found at region C, which served as a negative control (Fig. 3E and
Fig. S2B). Together, these data indicate that mitochondrial RAD51, RAD51C, and XRCC3
could contribute to mtDNA replication by occupying the regulatory D-loop site along
with POLG.

Twinkle associates with RAD51 to mediate the recruitment of RAD51 and
RAD51C/XRCC3 to mtDNA control regions. The colocalization data for POLG with
RAD51, RAD51C, and XRCC3 on the mtDNA regulatory D-loop regions prompted us to
hypothesize that RAD51, RAD51C, and XRCC3 could associate with mitochondrial
replisome components. In order to test this, we performed immunoprecipitation of
RADS51 from the mitochondrial extracts. Interestingly, we could not detect an associa-
tion of POLG with RAD51. However, we found the mitochondrial helicase Twinkle along
with XRCC3 in the RAD51 immunoprecipitate fraction (Fig. 4A), which was further
validated by reciprocal IP, where Twinkle immunoprecipitates contained not only POLG
but also RAD51 (Fig. 4A). Since Benzonase was included in the immunoprecipitation
reaction mixture, we eliminated the possibility of any DNA-dependent interaction. The
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FIG 3 RAD51C/XRCC3 and POLG show sequence-specific recruitment on the mtDNA D-loop. (A) Schematic
representation of primer pairs used for mtDNA-IP. D-loop regions and adjacent mtDNA genes are depicted
(HSP, heavy strand promoter; LSP, light strand promoter). Isolated mitochondria from U20S cells were
subjected to mtDNA-IP using POLG- and RAD51C-specific antibodies. PCR products were resolved on an
agarose gel and quantified by using ImageJ. (B) Quantification of data obtained from three independent
experiments represented as the percent input for RAD51C (left) and POLG (right). (C) mtDNA-IP analysis
with mitochondrial extracts prepared from U20S cells, carried out by using a POLG antibody. (D) Double
immunoprecipitation was carried out either using beads or against RAD51C antibody from the nucleoid
collected from the POLG immunoprecipitate, as indicated. The input (IN) nucleoid is indicated; b, bead
control. (E) Quantification of PCR amplicons obtained after single mtDNA-IP of RAD51C (RAD51C alone) and
double mtDNA-IP of RAD51C from the POLG-immunoprecipitated nucleoid (POLG-associated RAD51C).

absence of a direct interaction between XRCC3 and Twinkle/POLG indicates an indirect
association of RAD51 paralogs with the mtDNA replisome via RAD51.

Because RAD51 associates with Twinkle, we speculated that Twinkle, being a
helicase, might facilitate the loading of RAD51, RAD51C, and XRCC3 onto the mtDNA
control regions. To test this, we carried out mtDNA-IP of RAD51C, XRCC3, and RAD51
in Twinkle-depleted U20S cells (Fig. 4B). Indeed, the depletion of Twinkle helicase
significantly decreased the enrichment of RAD51C, XRCC3, and RAD51 on mtDNA,
suggesting Twinkle-mediated mtDNA recruitment of RAD51C/XRCC3 (Fig. 4C and Fig.
S2Q).

RAD51C/XRCC3 is enriched at region D310 to prevent and repair replication
stress-induced mtDNA damage. The mitochondrial genome is constantly exposed to
ROS (58-61). By using catalytic POLG and Twinkle mutants, recent reports proposed
that replication pausing or stalling can result in mtDNA lesions in the form of point
mutations, rearrangements, and deletions (62-65). Dideoxycytidine (ddC) is known to
cause the stalling of mtDNA replication specifically (64). To test this, U20S cells were
exposed to ddC, and mtDNA replication was measured by bromodeoxyuridine (BrdU)
incorporation. Incubation with 100 uM ddC for 90 min almost completely abrogated
the incorporation of BrdU in mtDNA (Fig. 5A). However, under these conditions, nuclear
DNA replication was unperturbed (see Fig. S3A in the supplemental material). Also, ddC
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FIG 4 Twinkle associates with RAD51 to mediate RAD51 and RAD51C/XRCC3 recruitment on mtDNA control
regions. (A) HelLa mitochondrial lysates containing Benzonase were immunoprecipitated with mouse
anti-RAD51 and rabbit anti-Twinkle antibodies. (B, top) shRNA-mediated knockdown of Twinkle in U20S
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(n = 3). (C) mtDNA-IP was performed with control and Twinkle-depleted U20S cells against RAD51,
RAD51C, and XRCC3. Data show fold enrichment of the indicated proteins in both the cells analyzed at
region B (left) and those analyzed at region D310 (right). *, P < 0.05; **, P < 0.01; ***, P < 0.005.

treatment did not result in nuclear DNA damage, as shown by y-H2AX levels (Fig. S3B).
To investigate whether RAD51, RAD51C, and XRCC3 respond to mtDNA replication
stress, we performed mtDNA-IP upon treatment with ddC. Except for RAD51C, we did
not find any change in the enrichment of RAD51 or XRCC3 at region B (Fig. 5B and Fig.
S3C). However, at cancer mutation hot spot region D310, RAD51C and XRCC3 showed
a nearly 4-fold enrichment, and RAD51 showed a nearly 3-fold enrichment, upon
ddC-induced replication stress compared to mock-treated cells (Fig. 5B and Fig. S3C). In
contrast, TFAM, which served as a control, did not show any change in its abundance
in both regions (Fig. 5B and Fig. S3C). Overall, mitochondrial levels of RAD51C/XRCC3,
RAD51, POLG, and TFAM were unaltered upon ddC treatment (Fig. S3D). Intriguingly,
we also found a 2.5-fold enrichment of POLG at region D310 upon mtDNA replication
stalling (Fig. 5B and Fig. S3C). One possible explanation for this would be a recently
proposed replication-dependent repair pathway for the mtDNA lesions by POLG (66).

Evidence from biochemical studies shows that RAD51C/XRCC3 promotes the for-
mation of RAD51 nucleoprotein filament at the site of DSB lesions (34). Notably,
RAD51C/XRCC3 is also critical for the recruitment and stabilization of RAD51 at the sites
of stalled replication forks (47). To determine whether this function of RAD51C/XRCC3
is conserved in mitochondria, we performed mtDNA-IP assays with RAD51C-deficient
U20S cells. Spontaneously, RAD51 showed reduced binding at region B (Fig. 5C).
Moreover, in response to replication stress, RAD51 failed to be enriched further at the
D310 region, indicating that the localization of RAD51 on mtDNA is dependent upon
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RAD51C-depleted U20S cells, and mtDNA integrity was analyzed by using semiquantitative PCR. Data were
normalized to the mtDNA content by using the amplification of 221-bp mtDNA. Data represent means =+
SD for mtDNA lesions. (E) Replication stress-induced mtDNA lesions fail to repair in the absence of XRCC3.
Control and XRCC3-depleted U20S cells were treated with ddC and recovered in fresh medium at the
indicated time intervals, and genomic DNA was isolated to calculate mtDNA lesions by using semiquan-
titative PCR as described above. Data represent means = SD. *, P < 0.05; **, P < 0.01; ***, P < 0.005.

RAD51C. The depletion of RAD51C, however, did not reduce the RAD51 levels in
mitochondria (Fig. S3E).

Since RAD51, RAD51C, and XRCC3 showed enhanced enrichment at mtDNA region
D310 upon replication stress, it was tempting to speculate that RAD51C/XRCC3 could
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prevent mtDNA damage during replication stress and participate in its repair. To
examine this, genomic DNA was isolated from RAD51C-depleted U20S cells and
analyzed for mtDNA lesions by using a long-range PCR (LR-PCR) assay. The data
presented in Fig. 5D indicate that there was a nearly 6-fold increase in mtDNA damage
upon RAD51C deficiency. This increase in spontaneous mtDNA damage was also
evident in XRCC3- and RAD51-deficient cells but not in XRCC2-depleted cells (see Fig.
S4A in the supplemental material). This was further validated in hamster cells, where
CL-V4B cells acquired a >7-fold increase in spontaneous mtDNA lesions compared to
WT V79B cells (Fig. S4B). To test whether RAD51C/XRCC3 participates in the repair of
replication-associated lesions, we treated control and XRCC3-depleted U20S cells with
100 uM ddc, allowed the cells to recover for up to 3 h, and analyzed mtDNA integrity
by using semiquantitative PCR. Strikingly, XRCC3-deficient cells were defective in
repairing replication stress-induced mtDNA lesions (Fig. 5E and Fig. S4Q).
RAD51C/XRCC3 stabilizes POLG on mtDNA. Inspired by our observations that a
deficiency of RAD51C/XRCC3 leads to increased mtDNA lesions and that RAD51C/
XRCC3 shows a concomitant enrichment at mtDNA “along with POLG" during replica-
tion stress, we asked whether the stability of POLG on mtDNA is affected in the absence
of RAD51C/XRCC3. To address this, we performed mtDNA-IP analysis for POLG upon the
knockdown of RAD51C, XRCC3, and RAD51 in U20S cells. Interestingly, the depletion of
RAD51C and XRCC3 led to the reduced binding of POLG at region B (Fig. 6A and B and
Fig. S4D and E) without affecting POLG protein levels in mitochondria (Fig. S3E). Upon
replication stress, POLG failed to be enriched further at the D310 region in the absence
of RAD51C/XRCC3 (Fig. 6A and B and Fig. S4D and E). Furthermore, the depletion of
RADS51 dramatically decreased the recruitment of POLG both spontaneously and after
ddC treatment (Fig. S4F and G). These data suggest that RAD51 and RAD51C/XRCC3 are
required for the replication stress-induced recruitment of POLG to the D-loop sites.
These results prompted us to consider that RAD51 and RAD51 paralogs might
regulate overall mtDNA synthesis. To determine this, we carried out dot blot analysis
with anti-BrdU antibody in U20S cells following the depletion of RAD51, RAD51C, and
XRCC3. There was a significant decrease in mtDNA synthesis in RAD51-, RAD51C-, and
XRCC3-depleted U20S cells compared to control empty vector cells (Fig. 6C and Fig.
S5A). As expected, we did not find any alteration in mtDNA synthesis upon XRCC2
depletion (Fig. S5A). Knockdown of Twinkle helicase was taken as a positive control,
which showed significantly low levels of mtDNA synthesis (Fig. 6C). For further valida-
tion, we measured the relative mtDNA levels in hamster cells lacking RAD51 paralogs
(RAD51C, XRCC2, and XRCC3) with their WT counterparts using semiquantitative PCR
for mtDNA and nuclear DNA (nucDNA). RAD51C-deficient CL-V4B cells and XRCC3-
deficient irs1SF cells displayed modest reductions in the mtDNA/nucDNA ratio, whereas
XRCC2 deficient irs1 cells did not show any reduction (Fig. 6D and Fig. S5B). Consis-
tently, the knockdown of RAD51C and XRCC3 in U20S cells showed modest reductions
in the mtDNA/nucDNA ratio, whereas this ratio was unaffected in XRCC2-depleted cells
(Fig. 6E and Fig. S5C). Moreover, consistent with data from a previous report (52),
RADS51-deficient cells exhibited significantly low mtDNA levels (Fig. S5C).
RAD51C/XRCC3 deficiency leads to unhealthy mitochondria. Finally, we mea-
sured the effects of RAD51C/XRCC3 deficiency on mitochondrial functions. As defects
in mtDNA repair and replication can impair mitochondrial electron transport, we first
used the JC-1 stain to study the mitochondrial membrane potential in RAD51 paralog-
deficient hamster cells. RAD51C-deficient CL-V4B cells and XRCC3-deficient irs1SF cells
had a significantly lower mitochondrial membrane potential than did WT V79B cells,
whereas XRCC2-deficient irs1 cells did not show any such defect (Fig. 7A and Fig. S5D).
We next measured the overall mitochondrial mass in RAD51C-deficient CL-V4B cells
using nonyl-acridine orange (NAO) stain. Interestingly, CL-V4B cells possessed a lower
mitochondrial mass than did V79B cells (Fig. 7B). This could be explained by the
induction of the PINK1/parkin-mediated pathway of mitophagy after the loss of mem-
brane potential (67, 68).
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FIG 6 RAD51C stabilizes POLG on mtDNA to facilitate mtDNA replication. (A) Quantification of RAD51C
levels in U20S cells transfected with shRNA targeting RAD51C (n = 3). (B) Relative enrichment of POLG
on mtDNA control regions in control and RAD51C-depleted U20S cells after ddC treatment. Data
represent means * SD. ¥, P < 0.05; **, P < 0.01; ***, P < 0.005. (C) Dot blot analysis showing the extent
of BrdU incorporation in mtDNA. U20S cells were transfected with the control vector and shRAD51C and
shTwinkle plasmids. Twenty-four hours later, cells were incubated with 10 uM BrdU for 24 h, and mtDNA
was isolated and normalized by visualization on the gel. Equal amounts of mtDNA were spotted onto a
nitrocellulose membrane, cross-linked, and blotted with anti-BrdU antibody. (Left) Representative image
of the dot blot; (right) quantitative data from three independent experiments represented as means =+
SD. (D and E) mtDNA content measured as described above in RAD51C-deficient hamster (D) and U20S
(E) cells. Data represent means * SD. **, P < 0.01; *, P < 0.05.

Moreover, RAD51C-, XRCC3-, and RAD51-deficient cells were sensitive to 2-deoxy-
glucose, an inhibitor of glycolysis, suggesting an increased dependence on nonmito-
chondrial forms of ATP production (Fig. 7C and Fig. S5E). Taken together, our results
demonstrate that the RAD51 paralogs RAD51C and XRCC3 facilitate mtDNA replication
and are required for the prevention of mtDNA lesions during replication stress. Their
deficiency leads to increased spontaneous mtDNA lesions, which affect the overall
health of mitochondria and their critical functions.

DISCUSSION

In the present study, we show that RAD51C/XRCC3 and RAD51 are an integral part
of the mitochondrial nucleoid and that their recruitment to mtDNA is dependent on
Twinkle. Upon replication stress, RAD51C/XRCC3 and RAD51 are enriched at mutation
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FIG 7 RAD51C deficiency results in an unhealthy mitochondrial population. (A) Assessment of mitochon-
drial membrane potential by the JC-1 red-to-green ratio in RAD51C-deficient CL-V4B cells compared with
WT V79B cells. (B) Determination of mitochondrial mass by nonyl-acridine orange staining. (C) CLV-4B cells
are hypersensitive to cytotoxic effects of the glycolysis inhibitor 2-deoxyglucose (2-DG).

hot spot region D310 along with POLG to prevent and possibly repair the mtDNA
lesions induced by replication stress. The absence of these proteins destabilizes POLG
on mtDNA, leading to reduced mtDNA synthesis and increased spontaneous and
unrepaired replication stress-induced mtDNA lesions, thus resulting in unhealthy mi-
tochondria.

The presence of the mitochondrial genome in close proximity to the electron
transport chain makes it more susceptible to oxygen radicals generated during ATP
production. Moreover, since mitochondria continue to replicate in all phases of the cell
cycle, it is possible that changes in mitochondrial dNTPs lead to a slowing down or
pausing of mtDNA replicating forks. Also, mtDNA contains numerous G-rich sequences,
which can result in mtDNA replication stalling. Previously, it was reported that RAD51
facilitates mtDNA replication upon replication stress (52). However, the molecular
mechanism by which RAD51 is recruited to mtDNA and promotes mtDNA replication is
not known. Additionally, whether its function is independent of RAD51 paralogs also
remains to be studied. In the present study, using mitochondrial subfractionation, we
demonstrated the presence of RAD51C/XRCC3 in the NaCl-resistant pellet fraction of
NP-40 lysis buffer along with TFAM and mtDNA. Moreover, similar to TFAM (69, 70),
mitochondrial levels of RAD51C/XRCC3 and RAD51 were severely reduced upon mtDNA
depletion, suggesting that RAD51C/XRCC3 is a new member of the mitochondrial
nucleoid. Recently, many new proteins have been identified to constitute mitochon-
drial nucleoids that are majorly involved in controlling mtDNA copy numbers through
direct or indirect interactions with mtDNA. These proteins include Lon protease, which
regulates mitochondrial TFAM levels (51); ATAD3, which binds to the D-loop and is
speculated to attach mtDNA to the mitochondrial inner membrane (71); and actin and
myosin, which might promote mtDNA segregation or transmission (72). Our mtDNA-IP
data show the concomitant binding of RAD51C/XRCC3 and the mitochondrial poly-
merase POLG at mtDNA control regions, thereby indicating the involvement of
RAD51C/XRCC3 in the initiation of mtDNA replication.

Our data show that RAD51 associates with Twinkle, and the knockdown of Twinkle
leads to the reduced enrichment of RAD51C/XRCC3 and RAD51, suggesting Twinkle-
mediated recruitment of RAD51C/XRCC3 and RAD51 to mtDNA. This observation can
be interpreted in two ways. First, since RAD51 paralogs show preferential binding to
ssDNA (33), Twinkle helicase unwinds the mtDNA to provide favorable substrates for
RAD51C/XRCC3 to load onto the mtDNA and thereby facilitates mtDNA replication.
Second, as the knockdown of Twinkle severely reduced mtDNA synthesis (Fig. 6C), and
Sage and Knight (52) demonstrated that the recruitment of RAD51 to mitochondria
depends on ongoing DNA replication, it is conceivable that RAD51 and RAD51C/XRCC3
could be part of active replication forks. In addition, recently, a new member of the
mitochondrial BER pathway, PolB, was shown to interact with Twinkle and TFAM (73).
These data imply that mtDNA repair factors cooperate with mitochondrial replication
machinery to preserve the integrity of the mitochondrial genome.
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RAD51C/XRCC3 deficiency leads to increased spontaneous lesions in the mitochon-
drial genome. Recently, using two-dimensional agarose gel electrophoresis, the pres-
ence of replication intermediates was detected in mtDNA of mice expressing an
error-prone POLG mutant (62). Moreover, the expression of catalytic mutants of POLG
and Twinkle in mammalian cells also showed the presence of replication-stalling
phenotypes in addition to mtDNA rearrangements, point mutations, and deletions and
low mtDNA copy numbers (63, 64). Since RAD51 associates with Twinkle, and RAD51
and RAD51C/XRCC3 are necessary to stabilize POLG on mtDNA, it is plausible that such
spontaneous lesions upon RAD51C/XRCC3 and RAD51 deficiencies are an outcome of
persistent endogenous replication stress. Recovery upon ddC treatment resulted in
tremendous increases in mtDNA lesions. Such replication stress-induced lesions ac-
quired in the mtDNA may be due to the activity of nucleases like MGME1 and DNA2,
which create nicks to remove flap structures generated during mtDNA replication
(74, 75).

RAD51 and RAD51C/XRCC3 showed nearly 3- to 4-fold enrichments at region D310
within CSBII (conserved sequence box Il) upon ddC treatment. Mutation in CSBII affects
premature transcription termination and initiation of mtDNA replication (76). In addi-
tion, the D310 mononucleotide repeat is a somatic insertion/deletion hot spot in many
types of cancer (56, 77-80). Thus, RAD51C/XRCC3 not only promotes the initiation of
mtDNA replication but also assists in the prevention of mtDNA damage. It is thought
that oxidative stress is the major cause of mutations in region D310. However, this was
challenged in an unbiased nucleotide sequence analysis of high-oxidative-stress-
related chronic kidney disease (CKD) patients (81), which failed to show a significant
correlation between oxidative stress and D310 mutations, further stressing our concept
of replication stress as an inducer of mtDNA lesions. Interestingly, we also found POLG
enrichment at region D310 upon replication stalling. Possible explanations for this are
as follows: first, an imbalance in the overall turnover of POLG on mtDNA in the adjacent
regions of the D-loop; second, a replication-mediated repair pathway of mtDNA lesions
upon replication stress involving both POLG and RAD51C; and third, HR-mediated
repair of DSBs generated during replication stress requiring the mitochondrial poly-
merase POLG.

The observation that RAD51C/XRCC3-deficient cells failed to replenish the lost
mtDNA after mtDNA depletion is similar to previously reported observations of indi-
viduals with pathogenic POLG mutations (82), suggesting that a perturbation in mtDNA
replication can lead to a defect in the restoration of mtDNA. This idea is supported by
our mtDNA-IP data, which showed significantly reduced binding of POLG on mtDNA
upon RAD51C/XRCC3 knockdown. RAD51C/XRCC3 has a high affinity for ssDNA, and
Escherichia coli SSB was reported previously to participate in DNA replication by
promoting the loading of DNA polymerase Ill (83). Recently, mitochondrial SSB was
demonstrated to potentiate POLG activity by modifying the organization of template
DNA (84). It will be interesting to study whether RAD51C/XRCC3 provides better
substrates for POLG and thereby promotes its activity. It is generally believed that more
relaxed template DNA provided by SSB augments the process of polymerization.
However, studies by Ciesielski et al. (84) showed that, as opposed to insect POLG, the
polymerization activity of human POLG was favored by compact template DNA. We
speculate that the recombination function of RAD51 and RAD51C/XRCC3 may provide
the desired compact mtDNA for its efficient replication. The reduced mitochondrial
DNA content upon RAD51C/XRCC3 depletion may be due to a destabilization of POLG
from mtDNA leading to decreased mtDNA synthesis. Alternatively, a trigger of mtDNA
degradation that occurs upon an increased load of damage in the mitochondrial
genome (85) is also a possible explanation for the reduced mtDNA content, since
RAD51C/XRCC3-deficient cells acquire acute mtDNA lesions spontaneously.

RAD51C/XRCC3 participates in HR-mediated DSB repair, DNA damage signaling, and
replication fork protection and restart (28-31, 47, 86), and monoallelic germ line
mutations in RAD51C have been identified to cause breast and ovarian cancers (41, 42).
Many studies have linked variation in mtDNA copy numbers with the risk of cancer
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subtypes (87, 88) where mutations in the D-loop are associated with reduced mtDNA
copy numbers in breast cancer (89). Our study shows extended roles of RAD51C/XRCC3
in mitochondrial genome maintenance. A deficiency of this function along with the
critical roles of RAD51C/XRCC3 in the nucleus may contribute to tumorigenesis in
RAD51C/XRCC3-defective tissue. Although the breast cancer- and ovarian cancer-
associated RAD51C NLS mutant failed to show any defect in recovery from mtDNA
depletion, one cannot rule out the possibility that other breast cancer- and ovarian
cancer-associated RAD51C mutants show defective functions in mitochondria. Also,
since mitochondrial dysfunction is central to aging, our findings with RAD51 paralogs
imply that RAD51C/XRCC3 dysfunction could lead to aging disorders.

In conclusion, we report here that RAD51C and XRCC3 are additional members of
the mammalian mitochondrial nucleoid, which facilitates mtDNA replication. The en-
hanced enrichment of RAD51C/XRCC3 at mutation hot spot region D310 upon repli-
cation stress may be important for preventing toxic lesions generated during mtDNA
replication stress. Since the absence of RAD51C/XRCC3 destabilized POLG on mtDNA,
we hypothesize a direct role of RAD51C/XRCC3 in promoting POLG-mediated repair
synthesis of stressed mtDNA forks. The discovery of the role of RAD51C/XRCC3 in
augmenting mtDNA synthesis will help in understanding the regulation of mtDNA
replication in physiological adaptations such as dNTP pool alterations, increased energy
demand, mtDNA depletion, disease, and aging.

MATERIALS AND METHODS

Cell lines, cell culture, and transfections. The human cell lines HelLa and U20S and the Chinese
hamster cell lines CL-V4B (RAD51C—/~), irs1 (XRCC2—/~), and irs1-SF (XRCC3~/~) and their respective
parental cell lines V79B, V79, and CHO-AA8 were grown in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum at 37°C in humidified air containing 5% CO,. WT and mutant
RAD51C constructs were generated as described previously (35). All short hairpin RNA (shRNA) constructs
were generated by using previously reported small interfering RNA (siRNA) sequences and cloned into
the pRS shRNA vector. Various shRNA constructs were generated by using previously reported siRNA
sequences: (i) 5'-CACCTTCTGTTCAGCACTAGA-3' for RAD51C (86), (ii) 5'-GAATTATTGCTGCAATTAA-3’ for
XRCC3 (86), (iii) 5'-TTGCAACGACACAAACTATAA-3’ for XRCC2 (90), (iv) 5'-GAAGAAAUUGGAAGAAGC
UTT-3’ for RAD51 (91), and (v) 5'-GCAAAGCAUCAGGACUGUAAUAGAU-3’ for Twinkle (92). All plasmid
transfections were performed by using a Bio-Rad Gene Pulsar X cell instrument (250 V and 950 uF).

Chemicals. ddC, H,0,, and 2-deoxyglucose were purchased from Calbiochem. BrdU and Benzonase
were purchased from Sigma. JC-1 stain and NAO were kind gifts from Patrick D'Silva.

Isolation of mitochondria and mitochondrial nucleoid. Cells were washed twice in NKM buffer
(0.13 M NadCl, 5 mM KCl, 7.5 mM MgCl,, and 10 mM Tris-HCl, pH 7.4) and allowed to swell in swelling
buffer (10 mM Tris-HCI [pH 8], 10 mM NaCl, 0.15 mM MgCl,) for 15 min on ice, followed by disruption
using a Dounce homogenizer and the immediate addition of sucrose to a final concentration of 0.25 M.
Nuclei were pelleted upon centrifugation at 1,200 X g for 10 min. This step was repeated twice, and the
supernatant was centrifuged at 16,000 X g for 10 min to pellet the mitochondria. The mitochondria were
washed twice in suspension buffer (0.25 M sucrose, 10 mM Tris-HCl [pH 8], and 1.5 mM MgCl,) and lysed
in Laemmli buffer for Western blotting. mtDNA nucleoids were isolated as described previously (53), by
incubating the isolated mitochondria in suspension buffer with either 0.5% NP-40 or 0.5% NP-40 with 150
mM NaCl for 30 min on ice with gentle tapping. The lysates were later centrifuged at 16,000 X g for 30
min to collect the supernatant and mtDNA-containing pellet fractions. The purity of the fraction was
checked by amplifying mtDNA-specific regions using 5-ul aliquots of each fraction.

mtDNA-IP analysis. Cells were cultured overnight at a density of 1 X 107 cells per 150-mm petri dish
and subjected to treatment with 100 uM ddC for 1.5 h. Isolated mitochondria from the cells were
resuspended in suspension buffer and cross-linked with 1% formaldehyde for 10 min, and the reaction
was stopped by adding 125 mM glycine to the mixture. The mitochondrial pellet was then washed three
times with suspension buffer, resuspended in 400 ul of lysis buffer (25 mM Tris-HCI [pH 7.5], 150 mM
NaCl, 0.1% SDS, 1% Triton X-100, 0.5% deoxycholate) freshly supplemented with a protease inhibitor
cocktail (Roche), and sonicated on ice with 10-s pulses at 25% maximal power by using a sonicator. After
centrifugation at 16,000 X g for 15 min, the supernatant was collected, and the protein concentration
was determined by using Bradford reagent. For each immunoprecipitation, 50 ug of the mitochondrial
lysate was incubated overnight at 4°C with 6 g of antibodies specific for RAD51, RAD51C, XRCC3, TFAM,
and POLG. A reaction mixture containing an equivalent amount of beads was included as the back-
ground control. Ten percent of the precleared chromatin was taken as the input control. Antibody-
nucleoid complexes were pulled down by adding 50 ul of protein G beads, and the mixture was
incubated for 4 h at 4°C. The beads were washed with chilled lysis buffer once, followed by chilled
high-salt wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCI [pH 8], 500 mM NaCl),
chilled LiCl wash buffer (250 mM LiCl, 1% NP-40, 1% deoxycholate, 1 mM EDTA, 10 mM Tris-HCl [pH 8.0]),
and chilled TE buffer (10 mM Tris-HCI [pH 8.0], T mM EDTA). Finally, DNA was eluted with elution buffer
(1% SDS, 100 mM NaHCO,). Eluates were incubated at 65°C overnight with the addition of 5 M NaCl to
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a final concentration of 200 mM to reverse the formaldehyde cross-linking and digested at 55°C for 3 h
with proteinase K at a final concentration of 50 ug/ml. Following phenol-chloroform extraction and
ethanol precipitation, sheared DNA fragments served as the templates for semiquantitative PCR analysis.
As a negative control, the whole-cell lysate was used instead of the mitochondrial lysate, and a chromatin
immunoprecipitation (ChIP) assay was performed by using anti-glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) antibody. For double mtDNA-IP, complexes from the primary immunoprecipitation step
were eluted by incubation with 10 mM dithiothreitol (DTT) (37°C) and diluted 1:50 in radioimmunopre-
cipitation assay (RIPA) buffer, followed by reimmunoprecipitation with the second antibody as described
above. After immunoprecipitation with the second antibody, complexes were washed, eluted, and
purified as described above. Control mtDNA-IPs were treated in a similar fashion. Purified DNA samples
were quantified, and PCR was performed with 15 ng of DNA. The primers that were used for mtDNA-IP
analysis are listed in Table S2 in the supplemental material. Quantification of all PCR products was done
by using ImagelJ.

mtDNA synthesis by dot blot analysis. DNA synthesis in mitochondria was measured by using a
dot blot assay as described previously (93). Briefly, cells were incubated with 10 uM BrdU for 24 h, and
isolated mitochondria were lysed in genomic DNA lysis buffer with proteinase K at 56°C, followed by
precipitation with an equal volume of a chilled NaCl-ethanol solution. mtDNA was dissolved in water and
quantified, equal amounts of mtDNA were denatured by adding 10 volumes of a 0.4 N NaOH solution
to the mixture, and the mixture was incubated for 30 min at room temperature (RT). The denatured DNA
was snap chilled on ice and renatured by using an equal volume of Tris-HCI (pH 7.5), followed by spotting
5 wl of each sample onto a nitrocellulose membrane. The membrane was dried by using a hair dryer,
blocked in skimmed milk, and incubated with anti-BrdU antibody overnight. The blots were later washed
in TBS-T (50 mM Tris-HCl [pH 8.0], 150 mM NaCl, and 0.1% Tween 20) and developed.

Western blotting and antibodies. Cells were harvested and lysed in RIPA buffer supplemented with
complete protease inhibitor tablets (Roche). Protein concentrations were estimated by a standard
Bradford assay (94). Proteins were resolved by 10% SDS-PAGE and transferred onto polyvinylidene
difluoride (PVDF) membranes (Millipore). The membranes were blocked by using 5% (wt/vol) dry milk in
TBS-T. For analysis of y-H2AX, 3% (wt/vol) bovine serum albumin (BSA) in TBS-T was used for blocking.
The membranes were then incubated with the primary antibody overnight at 4°C. The primary antibodies
against RAD51 (rabbit) (1:500 dilution; catalog number sc-8349), RAD51 (mouse) (1:200; catalog number
sc-56212), RAD51B (1:250; catalog number sc-377192), RAD51C (1:250; catalog number sc-56214),
RAD51D (1:100; catalog number sc-53432), XRCC2 (1:250; catalog number sc-365854), XRCC3 (1:250;
catalog number sc-271714), MCM3 (1:500; catalog number sc-365616), TFAM (1:250; catalog number
5¢-28200), POLG (1:200; catalog number sc-390634), Twinkle (rabbit) (1:250; catalog number sc-293368),
Twinkle (mouse) (1:100; catalog number sc-293368), KU70 (1:500; catalog number sc-12729), a-tubulin
(1:500; catalog number sc-5286), lamin A/C (1:250; catalog number sc-6214), histone H3 (1:250; catalog
number sc-10809), and HSP70 (1:1,000; catalog number sc-66048) that were used for Western blot
analysis were purchased from Santa Cruz. y-H2AX antibody (1:1,000; catalog number 560443) was
purchased from BD Biosciences. The membranes were washed with TBS-T and incubated with the
respective horseradish peroxidase (HRP)-conjugated secondary antibodies (1:8,000; Santa Cruz) for 1 h at
4°C. After washes with TBS-T, membranes were developed with a chemiluminescent HRP substrate
(Millipore) and imaged by using a ChemiDoc imager (LAS 4000; GE Health Care).

Immunoprecipitation. Isolated mitochondria were lysed in RIPA buffer (150 mM NaCl, 50 mM
Tris-HCl [pH 8], 1% NP-40, 0.1% SDS, 0.5% sodium deoxycholate, 5% glycerol) supplemented with
complete protease inhibitor tablets (Roche) along with Benzonase. After 1 h of incubation on ice, lysates
were cleared by centrifugation. Where appropriate, antibodies were added to a lysate containing
Benzonase and incubated for 12 to 16 h at 4°C. Lysates were then incubated with 25 ul of protein A/G
beads (GE Healthcare) for 2 h at 4°C. Ig-antigen complexes were washed extensively and eluted in 2X
Laemmli sample buffer at 90°C for 30 min before SDS-PAGE.

mtDNA integrity analysis. DNA lesions in the mitochondrial genome were measured as described
previously (95-97). Briefly, cells were harvested upon treatment, and genomic DNA was isolated by using
a standard isolation protocol with proteinase K treatment. Fifteen nanograms of DNA was taken to
amplify an 8.9-kb region from mtDNA by using primers listed in Table S1 in the supplemental material.
The 8.9-kb amplicons were normalized by the mtDNA content. Primers that were used for assessing the
mtDNA copy numbers are listed in Table S1 in the supplemental material. The numbers of lesions/
mitochondrial genome were calculated by using the formula L = —log (A,/A,) X 1.85 (correction factor
[1.85 = 16.5 kb/8.9 kb]), where A is LR-PCR/mtDNA content (A, is the A value for the treated sample, and
A, is the A value for the mock-treated sample). PCR products were visualized on an agarose gel and
stained with EtBr, and band intensities were quantified by using ImageJ.

BrdU incorporation assay. Cells were incubated with 50 uM BrdU and fixed in cold 70% ethanol at
4°C. DNA was denatured by using 2 N HCl and 0.5% Triton X-100 and then neutralized with phosphate-
buffered saline (PBS). After blocking with 0.5% Tween 20 and 0.5% BSA in PBS, cells were incubated with
anti-BrdU antibody (1:100) (catalog number 555627; BD Biosciences) for 2 h, followed by anti-mouse
secondary antibody conjugated to fluorescein isothiocyanate (FITC) (1:100; Sigma-Aldrich) for 1 h. Later,
after two washes with PBS, samples were incubated with RNase A-propidium iodide (PI) and analyzed on
a FACS Verse flow cytometer (Becton Dickinson).

Immunofluorescence. Exponentially growing U20S cells were seeded onto coverslips and then
treated with 2 wg/ml aphidicolin for 6 h to block nuclear DNA replication, followed by incubation with
H,O or ddC as indicated. After treatment, the cells were washed with PBS and stained with 50 nM
MitoTracker Red CMXROS (catalog number 7512; Invitrogen) for 15 min, followed by incubation in DMEM
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for 15 min at 37°C. Stained cells were fixed in 3.7% formaldehyde for 10 min at RT and permeabilized
(0.2% Triton X-100 in PBS). DNA was denatured with 2 N HCl for 40 min, followed by neutralization with
five PBS washes, and blocked (DMEM) for 30 min. The coverslips were incubated with the anti-BrdU
antibody for 2 h at RT. After a wash with blocking buffer, the coverslips were incubated with the
respective FITC-, tetramethylrhodamine isothiocyanate (TRITC)-, and Alexa Fluor-conjugated secondary
antibodies for 1 h at RT and then stained with 4’,6-diamidino-2-phenylindole (DAPI) (1 ug/ml; Sigma-
Aldrich) for 10 min before mounting onto slides. Cells were acquired by using a confocal microscope
(LSM510; Carl Zeiss), and images were processed by using Zeiss LSM image browser software. The
primary antibody was same as the one that we used for fluorescence-activated cell sorter (FACS) analysis.
FITC- and TRITC-conjugated (1:100) secondary antibodies were purchased from Sigma-Aldrich.

Miscellaneous. Analysis of mitochondrial mass and mitochondrial membrane potential was per-
formed as previously described (98). Briefly, cells were harvested, resuspended in PBS, stained with JC-1
(5 uM) for 5 min in the dark, and analyzed by FACS analysis. For NAO staining, resuspended cells were

stained with NAO (5 nM) and analyzed immediately, without any incubation.
Statistical analysis. Data are expressed as means = standard deviations (SD). Two-tailed unpaired

Student’s t test was used to evaluate statistical significance, as indicated in the figure legends.
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